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Abstract 

Transparent polymer substrates have recently received increased attention for var¬ 
ious flexible optoelectronic devices. Optoelectronic applications such as solar cells 
and light emitting diodes (LEDs) would benefit from substrates with both high trans¬ 
parency and high haze, which increase how much light scatters into or out of the 
underlying photoactive layers. In this letter, we demonstrate a new flexible nanograss 
plastic substrate that displays the highest combination of transparency and haze in 
the literature for polyethylene terephthalate (PET). As opposed to other nanostruc¬ 
tures that increase haze at the expense of transparency, our nanograss demonstrates 
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the potential to improve both haze and transparency. Furthermore, the monolithic 
nanograss may be fabricated in a facile scalable maskless reactive ion etching process 
without the need for additional lithography or synthesis of nanostructures. Our 9 pm 
height nanograss sample exhibits a transparency and haze of 92.4% and 89.4%, respec¬ 
tively, and our 34 pnr height nanograss displays a transparency and haze of 91.0% and 
97.1%, respectively. We also performed durability experiments that demonstrate these 
nanostructured PET substrates are robust from bending and show similar transmission 
and haze values after 5000 cycles of bending. 
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Flexible optoelectronics are emerging for a large variety of applications such as flexible 
versions of traditional rigid displays, smart phones, tablets, and e-paper, as well as new appli¬ 
cations such as wearables, RF-ID tags, artificial skin, and the Internet of Things) 1 2 Plastics 
are the most commonly used substrate for flexible optoelectronics due to their high transmit¬ 
tance.®® The optical properties of the substrates are critical for optoelectronic applications 
as light needs to be coupled into or out of the active region of the device through the trans¬ 
parent substrates. Polyethylene terephthalate (PET), in particular, is often used due to its 
tolerance to temperature and resistance to solvents as well as high optical transmittance.® 
Various structures have been incorporated into PET substrates for different photon manage¬ 
ment strategies such as moth-eye-like filind- 2 and polyurethane acrylate nanostructured 7 for 
antireflection. 

For flexible optoelectronic applications such as organic-light-emitting-diodes (OLEDs) 34 
and solar cells,® substrates with both high transmittance and high haze are desirable as 
increased light scattering results in increased photon outcoupling or incoupling efficiency in 
these devices, respectively. Plastic-paper hybrids,®silica nanoparticle arrays,^ and poly(methyl 
methacrylate) (PMMA)/PET 9 10 have been demonstrated to increase the amount of light 
scattering. However, these PET substrates involve lithographic steps and/or the synthesis 
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of nanomaterials that increase cost and complexity for fabrication. These nanostructures 
tend to increase haze while decreasing the transmission as there tends to be tradeoff be¬ 
tween these two properties.^ 1 A combination of both transmission and haze over 90% (at 
550 nm wavelength) has yet to be demonstrated in flexible PET substrates. 

Recently, we demonstrated nanograss glass substrates. 12 13 In this paper, we demonstrate 
flexible nanograss PET substrates that may be fabricated through a scalable maskless, one- 
step reactive ion etching (RIE) process. These flexible substrates are monolithic and require 
no additional lithographic processes or synthesis of nanomaterials. These sub-wavelength 
nanostructures are able to simultaneously provide for antireflection and scattering such that 
both transparency and haze may be improved. While bare PET has a transparency and haze 
of 88.4% and 1.1% at 550 nm, respectively, our 9 //m height nanograss samples demonstrate 
a transparency and haze of 92.4% and 89.4%, respectively. Our 34 fim tall nanograss samples 
exhibit a transparency and haze of 91.0% and 97.1%, respectively. These nanostructured 
PET substrates demonstrate the highest combination of transparency and haze at 550 nm 
of all PET substrates in the literature. Our nanograss samples displays a light scattering 
angle of 165° compared to 5° for planar PET. We also performed durability experiments that 
show these nanostructured PET substrates are robust from bending and maintain similar 
transmission and haze values after 5,000 cycles of bending. 
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Figure 1: Fabrication of nanograss PET results, (a) Schematic of fabrication process. 
Cross section SEM images of 34 /rm nanograss PET. (c) Overhead SEM image, and 
Height of nanograss PET as a function of etch time. 


(b) 

(d) 


Figure [T] shows the results of the fabrication process. Figure [jja) displays a schematic of 
the maskless RIE fabrication process (Trion Technology Phantom III). The PET substrate, 
which is 125 p,m thick, is etched by CF 4 and O 2 . The etch conditions were optimized to create 
high aspect-ratio grass-like nanostructures that maximize both transparency and haze. The 
CF 4 and O 2 flow rates are 45 and 5 seem, respectively. The total pressure of the chamber 
is maintained at 150 mTorr and the power is set at 125 W. During the etching process, 
CF and CF 2 monomers form polymers that deposit on the PET. 14 These polymers act as a 
nano-mask that allows for the etching to create high-aspect ratio nanostructures. 
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Figure [IJb) shows cross-section SEM image of the nanograss PET. The nanograss shown 
here was etched for 120 minutes and is about 34 /an in height. The diameter of each 
nanograss blade is roughly 200-500 nm at the top and gradually decreases to approximately 
50-100 nm at the bottom of the structures. Each blade of grass in the texture has a consistent 
height across the entire substrate. Figure [IJc) shows an overhead view SEM image of the 
hazy plastic. The distance between adjacent blades is approximately 100 to 700 nm and 
uniformly cover the entire substrate. Figure [l](d) plots the height of the nanograss as a 
function of etch time. The etch rate is approximately constant at about 300 nm/min based 
on a linear fit of the various etched samples. 


Energy (eV) ^ Energy (eV) 



Figure 2: (a) Total transmission and (b) Experimental (solid lines) and scalar scattering 
theory (dashed lines) haze values for smooth and PET with 4, 9, 18, and 34 jirn height 
nanograss, (c) ADF plots of bare PET and nanostructured PET, etched for 120 mins, (d) 
Haze versus transmission for various PET substrates at A = 550 nm. Bare PET is shown 
with a green square and our nanograss PET samples are shown with blue circles. The 
best data for plastic-paper,^ silica nanoparticle array on PET 8 and doped poly(methyl 
methacrylate)(PMMA)/poly(ethylene terephthalate) (PET) without 9 and with shear 10 are 
also shown. 
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The use of texturing increases the light scattering, thereby creating a PET substrate that 
exhibits both high haze and high transparency. Additionally, the sub-wavelength dimensions 
of the nanograss provides for a graduate change in effective index of refraction from the air 
to the PET substrate that provides for antireflection and thus, increased transparency. A 
UV-vis-NIR spectrophotometer (PerkinElmer, Lambda 1050) equipped with an 150 mm 
integrating sphere was used for measuring the total and direct (or specular) transmission of 
all nanograss PET samples as well as the bare PET. Figure [2] plots the (a) total transmission 
and (b) haze factor spectra for bare and different height nanograss PET over wavelengths 
400 to 1050 nm. The haze factor is defined as the percent of scattered transmission to the 
total transmission: 


H( A) 


scattered transmission(A) 
total transmission(A) 


x 100% 


(1) 


where A is the free space wavelength. The direct transmission is all transmitted light that 
deviates from the incident beam less than or equal to 2.5°, and the scattered transmission 
is transmitted light that deviates from the incident beam greater than 2.5°. The total 
transmission is the sum of the direct and scattered transmission. This haze definition follows 
that given by ASTM D1003. ^The nanograss is on the side facing the incident light. 

The bare PET has a total transmission of about 88.5% and haze of less than 2.5% across 
the entire spectrum. The nanograss PET increases both the transmission and haze. For the 
9 p,m height nanograss PET, the transmission increases to 92.4% and haze to 89.4% at 550 
nm wavelength. By increasing the height of nanograss to 18 pm, the transmission improves 
due to improved antireflection. In this case, the highest transmission of 93.0% is observed. 
For longer nanograss, the total transmission begins to decrease slightly. The transmission 
decreases at larger heights due to increased scattered (or diffuse) reflection. In contrast, the 
haze increases monotonically with increasing height as the scattering probability of the light 
increases. Beyond 27 pm though, this increase is very minimal. 
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The haze behavior of the nanograss PET samples can be explained by scalar scattering 
theory of a single rough surface where the height of the surface has a Gaussian distribu¬ 
tion. 12 16 17 According to this theory, the wavelength dependent haze at normal angle of 
incidence is 


H( A) 


^1 — exp 


/ 2na rms [rti - n 2 (A)] 

V A 



x 100% 


( 2 ) 


where a rms is the root mean square surface roughness and ni and n 2 (A) are the refractive 
indices of air and PET, 18 respectively. Figure [2^b) plots our experimental haze results com¬ 
pared to that predicted from Equation ([2]) where a rms was treated as a fitting parameter. 
The fits were a rms = 14,68, 290, 410, and 510 nm for the PET with heights of 0,4,9,18, and 
34 pm, respectively. The scalar scattering theory results match well with experimental re¬ 
sults, though some differences are seen due to the lack of considering multiple scattering from 
surfaces in the theory, and shows that haze monotonically increases since the surface rough¬ 
ness also increases with increasing height based on Equation Q. This model also indicates 
that nanograss exhibits dispersion effect that the larger wavelength the lower transmission. 

It is demonstrated that by obtaining high haze values for long range of wavelengths the 
absorption of a solar cell improves, when the path length of scattered light also increase.^ 
Therefore for effective light trapping, the haze value, by itself, is not a sufficient requirement 
and the angular distribution of scattered light also need to be measured. In order to measure 
the light scattering ability, we measured the angular distribution function (ADF) of both bare 
PET and the 34 pm height nanograss PET as shown in Fig. |2^c). The scattering angular 
distribution was measured using a Cary 7000 Universal Measurement Spectrophotometer 
(UMS). In this instrument, incident light is normal to the sample surface with a 5 mm x 5 
mm square beam and the photodetector scans from 10° to 350° (-10°); the wavelength scan 
is from 530 to 570 nm and the wavelength of 550 nm is plotted. The photodetector receives 
light over a 6-degree cone and thus, the haze calculated from these plots is not exactly as 
the same as that measured previously. The scattering angle range is defined as the range 
of angles in which lights exhibits more than 5% of its highest measured intensity at 0°. As 
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can be seen in Fig. [2](c) , the bare PET has very small scattering angle, 5°, but this value 
for the 34 pm height nanograss PET is 165°, which shows the light scattering ability of the 
nanostructured PET. 

Figure [2](d) compares the combination of transmission and haze for our nanostructured 
PET and best high transparency, high haze PET reported in the literature so far, including 
plastic-paper flexible substrates,® silica nanoparticle arrays on PET,^ and doped Poly (methyl 
methacrylate)(PMMA)/poly(ethylene terephthalate) (PET) without 9 and with shear.0° All 
data shown in this plot is at a wavelength of 550 nm. Bare PET has a transmission and 
haze of 88.4 and 1.1%, respectively. The plastic-paper hybrid has a comparable transmission 
and much higher haze. Most of the other PET samples sacrifice transmission for an increase 
in haze. In contrast, our nanograss PET exhibits both higher transmission and haze. Our 
nanograss PET demonstrates the highest combination of transmission and haze of all plastic 
substrates. The 18 pm height nanograss PET exhibits 93.0% transmission and 95.6% haze 
and the 34 pm height nanograss PET displays 91.0% transmission and 97.1 % haze. In 
addition, our substrates are the only monolithic samples in the literature. The other PET 
substrates involve the other materials that need to be synthesized and then introduced into 
the PET. 

Figure [3] plots bending experiment results of our PET. Optical images of both bare PET 
and 120 min etched nanostructured 34 pm height nanograss PET as the substrates are being 
bent are shown in Fig. [3]r and b, respectively. The total transmission through the nanograss 
PET is in fact higher than that of the bare PET due to the antireflection properties of 
the nanograss. However, the letters through the substrate are completely blurred by the 
scattering of the light. Figure [3] plots the (c) transmission and (d) haze of the nanograss 
PET at 550 nm wavelength as a function of bending cycle under tension (left y axis) and 
compression (right y axis). Bending tests were conducted by bending the 34 pm height 
nanograss PET substrate around a stainless steel rod with a 1 inch diameter. The thickness 
of the PET substrate is 125 pm. Two samples with identical size, 3 cm x 3 cm, were placed 


under bending compression and tension by bending the etched surface towards and away from 
the steel rod, respectively. Neither the transmission nor haze are changed significantly after 
5000 cycles of bending, for either tension or compression. This suggests that the nanograss 
PET is robust under bending. 


UNIVERSITY OF 


PITTSBURGH 


J A 




tructured flexible PET. (c) Transparency and (d) Haze at 550 nm as a function of bending 
cycle, for tension (left y axis) and compression (right y axis). 


In conclusion, we demonstrate a new nanostructured PET that displays both high trans¬ 
parency and high light scattering ability. The 34 /mi height PET showed 91.0% transmission 
and 97.1% haze at 550 nm wavelength, with 165° scattering angle range. The durability test 
showed that nanostructured PET substrates are robust from bending and show similar trans¬ 
mission and haze values after 5000 cycles of bending. The combination of flexibility, high 
transparency and high haze with extra large scattering angle range, makes the nanostruc¬ 
tured PET as a strong candidates to use in flexible optoelectronic applications. 
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